The study area is located on the Harat plain, in the central region of Iran. Four local-soil filled, freedrainage lysimeters were installed in wheat and barley farms operating under traditional farm management practices. The volume, electrical conductivity (EC), nitrate and major ions of the applied irrigation water and irrigation return flow (IRF) were measured during the growing season. The total dissolved solids (TDS) of IRF increased three to five times compared to that of the applied water. This enhancement was the same as for the chloride ion ratio, indicating the major impact of evapotranspiration in IRF salinity enhancement. Geochemical modelling using PHREEQCI confirmed the significant role of evapotranspiration and the minor effects of processes such as calcite precipitation, gypsum dissolution, fertilizer nitrification and ion exchange on the values of the IRF TDS. Time variations of EC were functions of the type of flow (preferential or matrix), lithology and soil type. The controlling parameters of the nitrate time series were the frequent applications of N fertilizer and the nitrification process. The annual N loads (NO 3 -N) of IRF varied from 22 to 195 kg ha -1 . These variations were due to the different N loads in the applied water, the amount of fertilizer, soil texture, N uptake and volume of IRF. The annual salt loads of IRF were mainly controlled by the volume of IRF.
INTRODUCTION

"Irrigation return flow (IRF) is defined as the excess of irrigation water that is not evapotranspirated or evacuated by direct surface drainage, and which returns to an aquifer"
. It is considered to be a major non-point (diffuse) contributor to the pollution of surface and groundwater bodies (Aragues and Tanji 2003) . Irrigation, which is the primary use for water in arid and semi-arid regions, increases the salinity of IRF to three to ten times that of the applied water (Todd and Mays 2005) . Typical salt loading values in IRFs from irrigated agriculture in arid areas vary from 2000 to 20 000 kg ha -1 year -1 (Aragues and Tanji 2003) .
The primary fertilizers are compounds of nitrogen, phosphorus and potassium. Phosphorus and potassium are readily adsorbed onto soil particles and seldom constitute a pollution problem. But nitrogen in solution is only partially used by plants or adsorbed by the soils. Although nitrate (NO 3 -) is generally not the major form of N added to agricultural fields, it is usually the major form of N (other than dissolved atmospheric N 2 ) in agricultural recharge (Böhlke 2002) . Nitrate is the most abundant form of nitrogen and, because of its high mobility and persistence, becomes a primary groundwater pollutant in agricultural regions (Ling and El-Kadi 1998, Onsoy et al. 2005) . IRF nitrate loading is highly variable, because it is a function of the irrigation and drainage systems, soil characteristics, crop management system and climatic conditions (Causape et al. 2004) . Typical values of nitrate loading found in IRF may vary from 20 kg ha -1 year -1 in well-managed irrigated systems, to more than 200 kg ha -1 year -1 in poorly managed irrigated systems (Cavero et al. 2003) .
Several studies (Hamilton and Helsel 1995 , Keating et al. 1996 , Zhang et al. 1996 , Laegreid et al. 1999 indicate that agricultural practices have resulted in nitrate contamination of groundwater with concentrations in aquifers commonly exceeding the drinking-water maximum contaminant level of 10 mg/L as N (USEPA 2009) or 50 mg/L as NO 3 - (EC 1998) .
Solute loading to groundwater in agricultural systems has often been estimated by collection and analysis of soil pore water, monitoring of draintile effluent, lysimeter studies, and mass-balance computations. Only lysimeters permit a direct determination of the water percolating through a soil profile and the type and amount of solutes (Meisner et al. 2008) . Lysimeters offer good possibilities for conducting experiments that have control over all water percolating through the soil profile and carrying contaminants, such as nitrate (Bergström 1990) . They are used extensively in field research around the world to estimate evapotranspiration, but measurements of the IRF hydrochemical data, especially under traditional farm conditions, are limited.
During the three last decades, synthetic fertilizer consumption has increased dramatically in Iran. This has resulted in nitrate contamination of groundwater with concentrations in some aquifers exceeding the drinking-maximum contaminant level (Jalali 2005 (Jalali , 2009 . Nitrate leaching was estimated using a simulation model in wheat fields of Gorgan province in northeast Iran. It showed considerable amounts of nitrate leaching (Zeinali et al. 2009 ).
Irrigation return flow was measured by several lysimeters in wheat and barley fields on Harat plain (central Iran) under the farmers' traditional management practices (Jafari 2010 , Jafari et al. 2012 . Annual IRFs and irrigation return flow coefficients (IRFC, percent ratio of IRF to applied water) ranged from 2.7 to 265 mm and 0.4 to 30.1%, respectively. These variations were functions of excess applied water, border length, management and soil texture. There is no direct measurement of hydrochemical properties of IRF in arable areas of Iran. Therefore, these lysimeters were used to measure the salt loads, nitrate concentrations and EC of IRF under the actual traditional management practices of the farmer.
STUDY AREA DESCRIPTION
The Harat plain is located in Yazd Province, in the central region of Iran (Fig. 1) . The climate is semi-arid with average an annual precipitation and temperature of 110 mm and 18
• C, respectively. The total cultivated area is 131 km 2 and the main crops are wheat and barley (52 km 2 ), pistachio and almond (50 km 2 ), corn (7 km 2 ), alfalfa (6 km 2 ) and apricot (3 km 2 ).
The sources of water in the Harat plain are 137 wells, three springs and 38 qanats (a qanat is an underground gallery dug out within the alluvium to transfer water from the aquifer to the ground surface) with total annual discharges of 44, 12 and 21 hm 3 , respectively. Ninety five percent of the groundwater is used for irrigation. The depth to water table in this aquifer is about 100 m in the west, decreasing to 5 m in the northeast. The overexploitation of groundwater The aquifer is recharged from the west and southwest and the general flow direction is from south to the north (Haseb Fars 2003) . The minimum and maximum values of groundwater EC are 1.5 and 10.5 mS/cm, respectively. The EC increases towards the outflow boundaries located near a salt flat in the northeast. In this area, the soil texture of the aquifer material is fine and the depth to water table decreases significantly. The general type of water in Harat aquifer is characterized as Na-Cl (Haseb Fars 2003) .
MATERIAL AND METHODS
Site selection
The agricultural farms in the Harat plain have different types of soil texture including gravelly loamy sand (C1), gravelly sand (C2), and silty clay loam to clay (F) (Fig. 1) . Four farms were selected for lysimeter installation (Jafari et al. 2012) . The area, crop type, irrigation system and soil texture of the farms equipped with the lysimeters are presented in Table 1 . The lysimeters were named C2W, C1W, FW and FB (Fig. 1) where C1, C2, and F stand for the soil texture, and W and B symbolize wheat and barley crops, respectively. 
Lysimeter design, installation and operation
Free-drainage lysimeters were constructed of galvanized iron plates with a circular cross-sectional area of 2 m 2 and a depth of 2 m (Fig. 2) . IRF was collected by a drain pipe, leading water into the sampling container placed in the measuring pit.
The lysimeters were installed at the centre of the selected farms. The installation details are described in Jafari et al. (2012) . Wheat and barley were planted in December. The practices of the farm surrounding each lysimeter, such as irrigation depth and cycle, fertilization, planting and harvesting, were exactly applied to the corresponding lysimeter.
The experiments were performed in all of the lysimeters in two growing seasons (end of November until mid May) during the water-years of 2007-2008 and 2008-2009 . The farm land around the lysimeters was fallow due to crop rotation in the growing season [2008] [2009] ; therefore, the previous year's farm management practices, especially the irrigation cycle and depth and fertilizing, were applied to these lysimeters.
The volume and physiochemical parameters of IRF were measured every other day and in the applied water at each irrigation event. Electrical conductivity (EC), pH and temperature were monitored on site. IRF was also collected in clean plastic containers and refrigerated at 4 • C until the samples were taken to the laboratory for measuring nitrate and major ions. Nitrate concentration was determined by the cadmium reduction method using spectrophotometry. Major ions (HCO 3 -, Cl -, SO 4 2-, Na + , K + , Ca 2+ and Mg 2+ ) were measured when sharp variations in EC were detected (at least once per month). Calcium and magnesium were measured by titration with EDTA, using Murexide and Eriochrom Black-T as indicators. Sodium and potassium concentrations were determined by flame photometry. Chloride and sulphate were measured by the Mohr and turbidity methods, respectively. Bicarbonate was determined by titration with HCl using methyl orange as the indicator.
The IRFC was calculated by dividing the IRF by the volume of water applied to the each lysimeter. In this study, the applied water is calculated as the summation of the irrigation and precipitation. Precipitation data from the Harat meteorological station were used for all of the lysimeters. The annual precipitation of the hydrological years (starting 20 September) of 2007-2008 and 2008-2009 were 18.7 and 74.9 mm, respectively. The rainfall mainly occurred during late autumn, winter and early spring.
The fertilizers used on the farms and related lysimeters included urea, ammonium nitrate, diammonium phosphate, ammonium phosphate and potassium sulphate. The amounts of N fertilizer applied to lysimeters C2W, C1W, FW and FB were 125, 161, 136 and 238 kg ha -1 year -1 , respectively.
Salt and nitrogen (NO 3 -N) loads
Total dissolved solids, or TDS, a measure of all inorganic and organic substances dissolved in a liquid, was measured in nine samples of irrigated water and 17 samples of IRF by evaporating the samples at 105 • C. The relationships between TDS (g/L) and EC (mS/cm) are as follows:
Irrigation water: TDS = 0.77EC − 0.25
The EC of all irrigated water and IRF samples was converted into TDS using the above equations. Salt loads were calculated as the product of volume of irrigation or IRF and TDS on the same day. These loads were integrated over the growing season to obtain the annual load. The N loads of irrigated water and IRF were calculated as the product of the volume of irrigation or IRF and the NO 3 -N concentrations and were integrated over the cropping season to obtain the annual load. The only soluble form of nitrogen in water considered was nitrate. Other forms of N were not determined because they are generally negligible compared with nitrate (Kengni et al. 1994) .
In this study, the concentration coefficient by evapotranspiration (C ET ) is defined as the ratio of chloride concentration in the IRF to that in irrigation water. Chloride is a conservative ion; it is neither removed or supplied significantly by interaction with rocks, nor precipitated as salt until very high salinities are reached (Drever 1988 ). In addition, chloride is not present in the composition of the applied fertilizers and amendments. Plants exclude chloride during water uptake (Huang and Pang 2010) ; therefore, C ET can be used to evaluate the evapotranspiration effects.
The role of evapotranspiration and other processes in the IRF TDS was estimated by a hydrogeochemical inverse model developed using PHREEQCI (Parkhurst and Appelo 1999) . Assuming the average water chemistry of the applied irrigation water and IRF as the starting and ending water compositions, the inverse model calculates the moles of minerals and gases (phases) that must enter or leave solution to account for the differences in the composition. Reactants (phases) considered were H 2 O, calcite, halite, gypsum, N-fertilizer, Ca/Na 2 and Mg/Na 2 cation exchanges, as well as gaseous CO 2 and O 2 . The H 2 O was forced into a precipitative state to simulate evapotranspiration.
RESULTS AND DISCUSSION
During lysimeter installation, site conditions (soil, vegetation, etc.) are inevitably disturbed, and, to get back to a stable state, a minimum of one year after establishment is needed to obtain accurate water chemistry data (Adam 2005) . The studies showed that nitrate concentration was very low during the first year and varied with no consistent or logical pattern relative to the following year. This was probably due to the disturbance of the site conditions, especially changes in soil biota during the installation of the lysimeters. Therefore, the second year's data are more representative and only they are discussed in this paper.
Major ions
The source of irrigation water applied to lysimeters C2W, C1W and FB was the Harat aquifer, and the type of water was Na-Cl. Lysimeter FW was irrigated by a spring originating from marble and metadolomite formations to the west of Harat aquifer, and having a Na-HCO 3 water type. The water types of the IRFs were similar to those of the applied irrigation waters except in lysimeter C1W in which it changed to Ca-SO 4 water type. The main reason was the dissolution of gypsum minerals in the agricultural soils of this lysimeter and the surrounding farm.
The ion concentrations (Fig. 3) showed that most of the major ions increased significantly in the IRF compared to the applied irrigation water. The ratio enhancements differed between the major ions in a specific lysimeter, and for a specific ion among the four lysimeters. The average values of TDS in irrigation waters were 4.3, 1.7, 0.7 and 1.6 g/L and they increased to 14.0, 7.3, 3.1 and 8.5 g/L in IRF of lysimeters C2W, C1W, FW and FB, respectively ( Table 2 ). The enhancement might be due to one or a combination of factors such as dissolution of soil minerals during the irrigation process, application of fertilizers or soil amendments, and evapotranspiration (Todd and Mays 2005) .
The values of the C ET (ratio of chloride concentration in the IRF to that in irrigation water) were 3.5, 3.6, 4.3 and 6.6 in lysimeters C2W, C1W, FW and FB, respectively, with an average of 4.5. The plot of C ET versus ratio of TDS in IRF to that in applied water (Fig. 4) shows that the data are scattered around the 1:1 relationship line. This implies: (a) the evapotranspiration is the main process enhancing IRF salinity, and (b) other processes, such as mineral dissolution and precipitation, also have some minor effects on IRF TDS. These effects have changed the ratios of the most of the other ions slightly different to that of C ET . For example, the ratios of the average concentration of bicarbonate, sulfate, calcium, magnesium, sodium and potassium in the IRF with respect to irrigation water in all lysimeters are about 1.6, 5.8, 3.3, 4.3, 5.1 and 4.3, respectively.
Results of the inverse modelling using PHREEQCI (Fig. 5) showed that evapotranspiration, calcite precipitation, gypsum dissolution, fertilizer oxidation, Ca/Na 2 and Mg/Na 2 exchanges are the main reactions changing the chemical composition of applied irrigation water to that of IRF. The contribution of irrigation water TDS and evapotranspiration in IRF TDS of all lysimeters ranged from 18 to 30% and 71 to 85%, respectively. The contributions of other processes were less than ±3.2% (Table 3) . The correlation between IRF TDS and irrigation water TDS (Fig. 6 ) is significant at the 0.05 level, confirming the model results. The ratios of bicarbonate ion in IRF to that in irrigation water of lysimeters C2W, C1W and FB were 0.7, 0.7 and 0.5, respectively, significantly less than the C ET . The applied irrigation water was saturated with respect to calcite (average SI calcite = 0.8), therefore evapotranspiration resulted in calcite precipitation, which the inverse model showed. The ratio of bicarbonate ion in IRF to that in irrigation water of lysimeter FW, which was filled with cracking clay soil, was 4.2. This was due to replacing of Ca in water with Na from the clay soil at the contact surfaces between the incoming solutions and the walls of the cracks (Crescimanno and De Santis 2004 ). The inverse model confirmed no calcite precipitation in this lysimeter.
Electrical conductivity (EC)
The EC time series of IRF and applied water are presented in Fig. 7 . At the planting time, the EC of IRF was significantly higher than that at the end of the previous growing season in all the lysimeters.
The reasons were evaporation of soil water during the five-month non-cultivated period and increase in mineral dissolution due to the long residence time of water in contact with soil material. These processes concentrate dissolved ions in the soil column. The EC has a decreasing trend in lysimeters C2W and FW. The successive irrigation events leach the salts stored in the soil column, gradually decreasing the EC of IRF.
The EC of IRF was relatively constant in lysimeter C1W. As already mentioned, the chloride type irrigation water changed to sulfate type in IRF due to the presence of gypsum-rich soils. Therefore, the IRF was saturated with respect to gypsum (SI gypsum = 0.02) causing a constant EC during the growing season. In gypsum-rich soils, Aragues et al. (1990) measured salt concentrations close to gypsum saturation which were quite constant and independent of drainage volumes.
The IRF EC in lysimeter FB has an increasing trend. The first IRF in lysimeter FB (silty clay loam soil) did not drain until 77 days after the planting date, while in other lysimeters the delay was only 2-14 days (Jafari et al. 2012) . This indicates matrix flow in the soil of lysimeter FB. The matrix flow displaces the low salinity water in the lower parts of the lysimeter, resulting in low values of IRF EC in the first drainage waters. In the subsequent irrigations, the high salinity water of the top soil layer reached the end of lysimeter, increasing the IRF EC.
The EC after each irrigation event in lysimeters C2W and C1W decreased and then increased prior to the next irrigation event. The reduction is due to preferential flow of water through the macropores after each irrigation event, the subsequent enhancement occurring when preferential flow has terminated and some of the solutes previously adsorbed by the soil matrix flowing in the IRF so raising the EC (Cote et al. 1999) .
In lysimeter FW (cracking clay soil), the EC decreases sharply after each irrigation and is then constant until the next irrigation event. The constant 
Fig. 6
The relationship between IRF TDS and irrigation water TDS.
EC is due to the flow of water from surface cracks into the soil matrix, as was extensively discussed by Greve et al. (2010) . The irrigation water fills the surface cracks and it infiltrates into the soil matrix. This process redistributes the salts such that it smoothes the ions concentrations profile. Once the soil matrix reaches field capacity, water drains into the subsurface cracks to form part of the drainage water with constant EC. The successive irrigation events leach the salts stored in the soil column, decreasing the IRF EC until flow ceases.
Nitrate (NO 3 -) and nitrogen load (NO 3 -N)
The concentration of IRF nitrate in lysimeters C2W, C1W and FB showed an increasing trend during the growing season, except in lysimeter C2W which had a decreasing trend at the end of the growing season (Fig. 8) . The reasons were frequent application of N-fertilizers during the growing season and the enhancement of nitrification processes due to the increase of bacterial activity. Temperature increases and soil moisture content decreases gradually during the growing season. Nitrification episodes are more common during the warmer months and the nitrobacteria are more active at low soil moisture conditions (Tisdale and Nelson 1975) . The decreasing trend at lysimeter C2W was due to lack of fertilizer application at the end of the growing season.
In lysimeter FW, the nitrate concentrations of IRF were almost constant during the growing season except during 25 days after planting date. The constant low values of nitrate and a sharp peak after the planting date were unexpected and this merits more research. The constant nitrate concentration was due to redistribution of salts through the matrix of cracking clay soils, as previously discussed.
The average annual concentrations of nitrate in IRF were 263, 823, 137 and 904 mg/L, in lysimeters C2W, C1W, FW and FB, respectively ( Table 2 ). The contributions of nitrate concentrations to the IRF TDS were about 2.4, 12.6, 6.3 and 10.4%, respectively, indicating no considerable effect on the values of IRF TDS.
The N loads of IRF were 148, 195, 55 and 22 kg ha -1 year -1 in lysimeters C2W, C1W, FW and FB, respectively ( Table 2 ). The reasons for the large variation are as follows:
-The N load of the water applied to the lysimeters varied from 18.5 to 85 kg ha -1 year -1 (Table 2 ). -The quantity of fertilizer applied ranged from 125 to 238 kg ha -1 year -1 (Table 2 ). The amount of applied fertilizer depends on the farmer's budget and experience, having no scientific method to estimate the fertilizer requirement. -The crop yields differed between the lysimeters, resulting in unequal N uptake. -The N loads of IRF in coarse soil lysimeters (C2W and C1W) were significantly more than from the fine texture lysimeters (FW and FB). The coarse soils with low soil moisture holding capacity have much more IRF, resulting in extensive leaching of the nitrate below the root zone (Lembke and Throne 1980 ). -Lysimeter FB had the lowest IRF N load despite receiving the highest amount fertilizer. The main reason is the low amount of applied water and consequently IRF in this lysimeter ( Table 2) . The low value of IRF reduced the nitrate leaching, and therefore a large amount of nitrate remained in the soil column. The nitrate concentration of IRF at the end of the growing season in lysimeters FB, C2W and FW were 1200, 200 and 150 mg/L, respectively (Fig. 8) , confirming the high storage of N in the soil column of lysimeter FB. -Lysimeter C1W had the maximum annual IRF N load, and it was more than the total N input in the applied irrigation water and fertilizer ( Table 2 ).
The main reason may be high release of nitrate from organic matter and ammonium fertilizers due to the effects of gypsum on nitrification. Beneficial effects of gypsum on N mineralization in soils are thought to be due to stimulation of microorganism activity and/or neutralization of toxic salts thereby creating a more favourable habitat (Singh and Taneja 1977) .
The percentages of total N inputs (summation of N load of applied water and fertilizers) lost via IRF were 71, 100, 36 and 8% in lysimeters C2W, C1W, FW and FB, respectively. The high loss of N suggests the need for better management of irrigation and fertilization practices, from both economic and environmental perspectives.
Salt load
Salt loads were 35 442, 8067, 5808 and 1058 kg ha -1 year -1 in the IRF of lysimeters C2W, C1W, FW and FB, respectively. Typical annual IRF salt loads in arid irrigated areas range from 2000 to 20 000 kg ha -1 (Aragues and Tanji 2003) . The salt load in lysimeter C2W is greater than this typical range due to the high salinity of the applied water.
The IRF volumes are the dominant parameter controlling the salt loads (Fig. 9) . The relation between these two parameters is significant at the 0.01 level. Therefore, the reduction of IRF by irrigation management could be a critical issue for the control of off-site salt pollution in this study area. This is in agreement with studies of Causape et al. (2004) in Spain.
CONCLUSIONS
Four lysimeters were installed to measure the hydrochemical properties of IRF in wheat and barley farms in a semi-arid region; they were operated under the traditional management practices of the farmers. The average values of TDS in IRFs ranged from 3.1 to 14 g/L, significantly higher than the TDS of the applied irrigation waters. Evapotranspiration, the cause, increased the TDS of IRF by three to five times that of the applied irrigation water. Other processes such as calcite precipitation, gypsum dissolution, fertilizer oxidation and ion exchange only slightly changed the values resulting from evapotranspiration. The inverse model, using PHREEQCI, showed that the contribution to the salinity of IRF from evapotranspiration and irrigation water TDS ranged from 71 to 85% and 18 to 30%, respectively. The shares of other processes were less than ±3.2%.
Time variations of EC were functions of the type of flow (preferential or matrix), lithology and soil texture. The EC showed an increasing trend where matrix flow was dominant. In soils with a preferential flow path, the stored salts from previous years, especially in the top layers, were leached by successive irrigation events, gradually decreasing the IRF EC towards the end of the growing season. In gypsum-rich soils, the IRF was saturated with respect to gypsum, resulting in a rather constant EC that was independent of drainage volumes during the growing season. In cracking clay soils, the infiltration of water from cracks into the soil matrix redistributed the salts and smoothed the The nitrate time series indicated a general increasing trend towards the end of the growing season. The reasons were the frequent application of N-fertilizers and the enhancement of the nitrification process due to the increase in bacterial activity. The gradual temperature enhancement and soil moisture reduction accelerated bacterial activity towards the end of the growing season.
The IRF N-loads varied from 22 to 195 kg ha -1 year -1 . These extensive variations were due to the combination of factors such as different N-loads in the applied irrigation water, the amounts of fertilizer applied, the soil texture, the N-uptake by the plants, and the volume of IRF. On average, 55% of the N applied by irrigation and fertilization was lost by IRF, and ultimately transferred to the Harat aquifer. The high percentages of N loss indicate mismanagement in agricultural practices, resulting in pollution of groundwater and economic losses. Optimization of fertilizer type, application rate and timing, and increasing irrigation efficiency are recommended for sustainable development of agriculture in the region. Annual salt loads in the IRF varied from 1058 to 35442 kg ha -1 year -1 . Salt loads were dominantly controlled by the volume of IRF, indicating the importance of irrigation management to control salt pollution.
